Objective: To investigate association of genetic risk factors for late-onset Alzheimer disease (LOAD) with risk of posterior cortical atrophy (PCA), a syndrome of visual impairment with predominant Alzheimer disease (AD) pathology in posterior cortical regions, and with risk of "posterior AD" neuropathology.
Understanding the genetic risk factors in atypical AD is of paramount importance in the identification of pathophysiologic mechanisms that are both common with and distinct from typical AD. In this study, we sought to investigate whether any of the well-replicated genetic risk variants in AD 13217 were also common to clinical PCA and/or posterior AD neuropathology. Our results have implications for the genetic components of these atypical focal cortical AD subtypes and also their future studies.
METHODS Participants. All participants were recruited at Mayo Clinic Jacksonville in Florida or Mayo Clinic Rochester in Minnesota. Eighty-one participants had clinical diagnosis of PCA, 5 of whom also had pathologic diagnosis; 54 had only neuropathologic diagnosis as "posterior AD," but no clinical information. Clinical diagnosis of PCA was made according to the core criteria previously suggested 5 as follows: presentation of visual complaints in the absence of significant primary ocular disease; relative preservation of anterograde memory and insight early in the disorder; insidious onset and gradual progression; disabling visual impairment throughout the disorder; absence of stroke or tumor; and absence of early parkinsonism and hallucinations. All participants with pathologic diagnoses were evaluated by one neuropathologist (D.W.D.). For the neuropathologic diagnosis, senile plaques (per 310 field) and neurofibrillary tangles (NFTs) (per 340 field) are counted in the midfrontal, superior temporal, inferior parietal, motor, visual (Brodmann area [BA] 17) and entorhinal cortices, in addition to 2 sectors of the amygdala. NFTs are also counted in the nucleus basalis of Meynert. Visual association cortex (BA18) is also scanned in all cases and counted in those with severe NFT pathology. All subjects with neuropathologic diagnosis of posterior AD have disproportionate severity of NFT in BA17 and BA18 compared with typical AD cases, but could have additional pathologies including Lewy bodies, vascular disease, hippocampal sclerosis, or progressive supranuclear palsy. The overall pattern of NFT severity in BA17 and BA18 is greater than that in the frontal cortex in posterior AD, such that this diagnosis is not simply a function of the overall disease severity, but reflects disproportionate, focal involvement of the visual cortices. Thus, patients with posterior AD had neuropathology characteristics of PCA. 1 The disproportionate involvement of the posterior cortices was not determined by objective criteria, but subjectively. All neuropathologically diagnosed patients had Braak stage of 5.5 or 6, except for one patient with a Braak stage of 4. Our rationale for including posterior AD cases in our cohort stems from prior neuropathologic studies of PCA, which consistently identified higher tangle counts in posterior cortical regions. 1 Elderly control participants were recruited either at Mayo Clinic Rochester for the Mayo Clinic Study of Aging or Alzheimer's Disease Research Center, or at Mayo Clinic Jacksonville for the Alzheimer's Disease Research Center or Sib-Pair Study, which is enriched for cognitively normal siblings aged 80 years or older. Only one sibling was included per sibship. All control participants were evaluated by a neurologist and were cognitively normal at last visit with a Clinical Dementia Rating of zero. All participants were Caucasian-North Americans from the United States. Only participants with complete age, sex, ethnicity, and APOE genotype information were included in the study. Participants were not screened for mutations in the early-onset familial AD genes APP, PSEN1, and PSEN2, or the familial frontotemporal dementia genes MAPT, GRN, and C9orf72.
Genotyping. All participants were genotyped for the most significant single nucleotide polymorphisms (SNPs) identified from late-onset AD (LOAD) risk genome-wide association studies (GWAS). [13] [14] [15] [16] [17] The genotyped SNPs and their closest genes are as follows: APOE rs429358 (tagging SNP for APOE e4), APOE rs7412 (tagging SNP for APOE e2), CLU rs11136000, CR1 rs3818361, PICALM rs3851179, BIN1 rs744373, ABCA7 rs3764650, MS4A6A rs610932, EPHA1 rs11767557, CD33 rs3865444, and CD2AP rs9349407. The genotyping was done using TaqMan SNP Genotyping Assays in an ABI PRISM 7900HT Sequence Detection System with 384-Well Block Module from Applied Biosystems (Foster City, CA). The genotype data were analyzed using the SDS software version 2.2.3 (Applied Biosystems).
Statistical analysis. Association of genetic variants with risk of clinical PCA or posterior AD only or combined was assessed using multivariable logistic regression analysis applied in PLINK 18 (http://pngu.mgh.harvard.edu/purcell/plink/). All analyses included age, sex, and APOE e4 dosage as covariates, except for the APOE rs429358 association test, in which only age and sex were included as covariates. Age is defined as age at onset of symptoms for participants primarily recruited via their clinical diagnosis (n 5 76) or age at death for those with primary neuropathologic recruitment (n 5 57). In addition, for one participant recruited from the clinic, who lacked age-at-onset information, age at death was used; for another from the neuropathologic recruitment, who lacked age-at-death data, age at onset was used. An additive model was tested for all genetic variants.
A recessive model was also tested for ABCA7 rs3764650, given the significant deviation from Hardy-Weinberg equilibrium for this SNP in the combined cases. Minor allele frequency (MAF) estimates for each SNP were compared between the participants with clinical PCA and those with posterior AD using proportions meta-analysis, with Cochran Q test p value ,0.05 indicating significant difference in MAF estimates.
Minimum detectable odds ratios (ORs) were estimated for the combined cohort for an additive effect, using allele frequencies estimated in the controls and effect-size estimates published for LOAD risk, 16, [19] [20] [21] [22] [23] for 80% power and a 5 0.05. We also obtained empirical p values using 10,000 random permutations in PLINK to account for multiple testing. Finally, the difference in effect sizes between participants with combined clinical PCA and posterior AD vs participants with LOAD was tested using polytomous logistic regression analyses in SAS (SAS Institute, Cary, NC) for the SNPs with nominally significant associations in PCA. For these analyses, effect-size estimates for LOAD were obtained using a cohort of 696 participants with diagnosis of LOAD who were compared against the same control group used for the PCA risk estimates. These participants with LOAD were from Mayo Clinic Rochester (n 5 608) or Jacksonville (n 5 88), diagnosed clinically according to National Institute of Neurological and Communicative Disorders and Stroke/Alzheimer's Disease and Related Disorders Association 24 criteria and followed longitudinally with clinical and cognitive measures.
RESULTS Among our cases, mean age was higher in the 54 participants with posterior AD compared with the 81 participants with clinical PCA, as expected, given that age of death vs age at onset were used, respectively (table 1) . Although there was a higher proportion of females and APOE e4 carriers in the posterior AD group compared with clinical PCA group, these differences were not statistically significant. In the combined 135 cases, there was a higher percentage of females, increased proportion of APOE e4 carriers, and younger mean age compared with the 2,523 elderly controls, all of which were statistically significant.
Sex and age at onset or death were included as covariates in all genetic associations. As expected from the demographics, increased age and being male had protective effects in the analysis of the combined casecontrol cohort (data not shown).
APOE e4-tagging SNP rs429358 has a highly significant association with risk of clinical PCA (p 5 0.0003) (table 2), with OR estimates (3.17, 95% confidence interval [CI] 5 1.70-5.90) similar to the estimate published for LOAD 20 (OR 5 4.36). APOE e4 association with posterior AD was even stronger (p 5 1.11 3 10 217 , OR 5 6.43, 95% CI 5 4.20-9.84). These associations would remain significant after corrections for multiple testing of 11 SNPs, and as expected, show significance in the combined cohort even when a genome-wide correction, evidently too stringent for our 11 tests, is applied (p 5 4.90 3 10 219 , OR 5 4.74).
No other SNPs achieved the same level of significance, although rs11136000 at CLU (p 5 0.019) and rs744373 at BIN1 (p 5 0.025) were nominally significant in posterior AD. It is important that the minor alleles of these variants had effects that were in the same direction as that for LOAD risk, with a protective OR estimate for CLU (OR 5 0.60, 95% CI 5 0.39-0.92) and a risk effect for BIN1 locus SNPs (OR 5 1.63, 95% CI 5 1.06-2.49). Both SNPs had the same direction of effect for clinical PCA association (rs11136000 OR 5 0.73, rs744373 OR 5 1.40), but neither reached nominal significance for this group. As expected, both SNPs were nominally significant in the combined case-control analysis. PICALM rs3851179 variant was significantly associated with clinical PCA (p 5 0.0003), but with a risky OR estimate (OR 5 2.84), which is not consistent with the published protective effect in LOAD and also inconsistent with the estimate obtained in posterior AD (OR 5 0.76). No other SNPs had nominal significance with the additive model, although the LOAD protective APOE e2-tagging SNP rs7412 had suggestive protective effects in clinical PCA, posterior AD, and in the combined cohort (p 5 0.073, OR 5 0.46, 95% CI 5 0.20-1.07). Given the multiple testing problem, we obtained empirical p values for the combined case-control cohort correcting for multiple comparisons. Only APOE e4 rs429358 achieved significance with corrected empirical p value ,0.0001, with marginal significance for APOE e2 rs7412 (p 5 0.05).
Upon review of the genotype frequencies for the tested SNPs in combined cases vs control participants (table e-1), we determined that there were significantly fewer heterozygote participants for the ABCA7 locus SNP rs3764650 than expected in the cases, leading to deviation from Hardy-Weinberg equilibrium (p 5 0.005). There were no other SNPs with significant Hardy-Weinberg disequilibrium in either cases or controls. Given that a recessive mode of inheritance can result in Hardy-Weinberg disequilibrium in subjects with disease, 25 we repeated the ABCA7 locus SNP association test under a recessive model. This test could only be done in the clinical PCA cohort, because the smaller posterior AD cohort did not have any rs764650 minor homozygotes. Although significant with a risky OR estimate (p 5 0.002, OR 5 32.55) and a direction of effect consistent in LOAD, there were only 4 minor homozygotes in the clinical PCA cohort (table e-1). The direction of association was consistent between clinical PCA and posterior AD for APOE e4, APOE e2, CLU, and BIN1 loci, although the effect-size estimates were larger for the APOE e4, CLU, and BIN1 associations in the pathologic posterior AD group (table 2) . Of the 11 tested variants, the MAF in clinical PCA vs posterior AD was significantly different for only APOE e4, PICALM, and CD2AP (table 3) . APOE e4 MAF for the clinical PCA group (MAF 5 0.31) is similar to the estimates for typical LOAD (MAF in Caucasians from AlzGene 26 5 0.38), and both are smaller than the MAF estimates for posterior AD (MAF 5 0.45). DISCUSSION In this study, we assessed the association of 11 well-replicated genetic risk variants for LOAD with risk of clinical PCA and posterior AD neuropathology. All of our participants with clinical PCA fit the previously suggested clinical criteria, 5 but only 5 had a pathologic evaluation. The participants with posterior AD in our study had disproportionate tangle neuropathology in the visual cortices in comparison to frontal regions, as is characteristic of PCA, 1 but lacked clinical information. Despite strong clinicopathologic correlations between PCA and AD pathology [3] [4] [5] [6] [7] in the literature, with consistent identification of higher tangle counts in posterior cortical regions, 1 because we did not have both clinical and neuropathologic diagnoses for most patients within our series, we primarily assessed the clinically and pathologically diagnosed cases separately, but also performed formal comparisons of MAFs for all tested variants and exploratory combined case-control analyses.
Several findings emerge from this study: first, the risk of APOE e4 is demonstrated unequivocally in this cohort of 81 clinical PCA, 54 posterior AD, and combined 135 cases, where the strength of association exceeds genome-wide significance in the pathologic cohort and even stronger in the combined analysis. Although earlier studies had conflicting results regarding APOE frequency in PCA, they had small sample sizes ranging from 8 to 27 participants. 1, 5, 12 Despite being the largest published cohort in PCA and posterior AD to date, our study is modest in size for a genetic association study. Nevertheless, given the estimated effect size for APOE in LOAD, our estimated power to detect this gene in PCA is sufficient. We also identified a marginally significant protective OR for APOE e2 in the combined cohort with equivalent effect sizes in the clinical and pathologic participants, which is consistent with its direction of effect in LOAD, further strengthening a role for the APOE locus in PCA and posterior AD that is similar to LOAD.
The association for APOE e4 was stronger in posterior AD, with OR estimates that are greater than both PCA and LOAD. There may be several explanations for this, including the presence of participants without AD pathology in the clinical PCA cohort, which might decrease the OR estimates. Lack of neuropathology on all participants is a weakness in this study that is common to almost all case-control studies of complex diseases, because restricting cohorts to those with neuropathology, while ideal, would in reality impose limitations on sample size. Another possibility is that APOE e4 may be preferentially driving the posterior AD pathology, thus resulting in stronger effect sizes for this pathologic cohort.
Second, we identified nominally significant associations for CLU and BIN1 loci in posterior AD, with protective and risk effects, respectively, for the minor alleles of the tested variants, which is consistent with their direction of OR in LOAD. The direction of these effects was also similar in clinical PCA and, although the OR estimates were smaller compared with posterior AD, there were no statistically significant differences in the MAFs of these variants between these clinical and pathologic cohorts. The slightly stronger effects in posterior AD could be attributable to a "cleaner" diagnosis afforded by pathologic cohorts in general, rather than a posterior AD pathology-specific effect, as seems possible for APOE e4.
We also detected increased risk of PCA with the minor allele of the ABCA7 rs3764650 SNP using a recessive model, although this association is based on 4 minor homozygotes observed in clinical PCA vs 20 in the controls and therefore requires replication. PICALM rs3851179 was the only other SNP with nominally significant association in the clinical PCA group, although the direction of effect is opposite to that seen in typical LOAD and posterior AD. Given these, the biological significance of this finding, if any, remains to be established. Using permutations, we determined the genetic associations for APOE e4 and APOE e2 to be significant, although none of the other variants achieved significance with empirical p values or after multiple testing corrections, thus requiring replication in larger series.
In our study, we also provide formal comparisons of MAFs for all tested variants in the participants with pathologic posterior AD vs those with PCA, which identified significant differences for APOE e4, as well as PICALM and CD2AP loci variants. We also depict estimates of minimal detectable ORs and a comparison with LOAD risk OR estimates for all variants (table e-2). These results should be of utility in guiding future genetic studies of PCA and posterior AD.
Given that the majority of subjects with PCA have AD pathophysiology in clinicopathologic series [3] [4] [5] [6] [7] and that most subjects with PCA in antemortem studies display CSF biomarker profiles 8, 9 and amyloid brain Table 3 Genotype counts in PCA, posterior AD, combined cases, and controls Continued imaging 8,10,11 consistent with those in AD, it is perhaps not surprising that there are genetic risk factors that are shared between LOAD vs PCA and posterior AD. It is entirely possible that LOAD GWAS include subjects that may qualify for early clinical or pathologic diagnosis of PCA or posterior AD, respectively. That said, given the relative infrequency of PCA and clinical inclusion criteria in LOAD GWAS, which are likely to exclude at least early PCA cases, it is highly unlikely that subjects with PCA have substantial contribution to the current GWAS.
We have retrospectively determined that only 14 of approximately 2,000 subjects in the published Mayo Clinic LOAD GWAS 27 and 12 of approximately 5,000 subjects in the LOAD GWAS replication studies from Mayo Clinic 21-23 would qualify as having PCA. This underscores the importance of pursuing independent studies of this condition, such as this study.
Our study has several strengths, including a cohort with relatively large size and power estimations, assessment of all well-replicated LOAD SNPs, formal comparison of effect-size estimates, with LOAD and neuropathologic diagnosis for 40% of the cases. The weaknesses include lack of clinicopathologic correlations for most cases, determination of disproportionate involvement of posterior cortices in posterior AD subjectively, candidate gene rather than hypothesis-generation study, and limited power. Other limitations include retrospective study design and age difference between the cases and controls. The difference in age is a consequence of the previously established fact that subjects with PCA have younger ages of onset compared with typical LOAD, 1 and therefore also compared with the age at last assessment for the elderly control participants in our study. Our cases were not systematically screened for known mutations in early-onset familial AD or frontotemporal dementia, which is another limitation.
Our case-control association study of 81 participants with PCA, 54 with posterior AD, and 2,523 cognitively normal participants identifies a significant effect for APOE and nominates CLU, BIN1, and ABCA7 as potential risk loci for PCA. Additional studies, ideally with prospective study design and of much larger size, are needed to replicate our findings and also to identify other genetic risk factors for these intriguing conditions. Abbreviations: AD 5 Alzheimer disease; Chr 5 chromosome; MAF 5 minor allele frequency; PCA 5 posterior cortical atrophy; SNP 5 single nucleotide polymorphism. Genetic variants, their genotype counts for minor homozygote (22) , heterozygote (12) , and major homozygote (11) genotypes are shown for all cases, participants with PCA and posterior AD, and controls. a Cochran Q test p value for the difference in MAFs between PCA and posterior AD.
